Surface winds (10 m equivalent neutral wind velocity) from scatterometer missions since 1992 to present require homogenization to meet the requirements for oceanic and atmospheric climate data records. Sources of differences between winds retrieved from different scatterometer measurements mainly arise from calibration/validation procedures used for each scatterometer and differences in measurement physics. In this study, we focus on the calibration/validation component of the European Remote Sensing Satellite (ERS)-1 and ERS-2 wind speed biases. ERS-1 and ERS-2 data, named as WNF products, are from the Institut Français de Recherche pour l'Exploitation de la MER (IFREMER). In addition to WNF data, the newly calibrated ERS-2 products provided by the European Space Agency (ESA), indicated as ASPS2.0 products, are also used. Our approach utilizes collocated satellite-buoy data. Expected values of the normalized radar cross section (NRCS) are calculated from buoy winds for each antenna beam using the Cmod5.n geophysical model function. The comparisons between expected and measured NRCS examine differences along with variables such as backscatter coefficient and incidence angle ranges. The difference between the expected and measured NRCS is then used to set up empirical models aiming at the correction for biases in ERS-1 and ERS-2 WNF NRCS calibrations. Finally, ERS-1 and ERS-2 wind retrievals are reprocessed using the corrected NRCS and Cmod5.n. These earlier corrected ERS-1/2 winds are analysed along with later scatterometer data (QuikSCAT and ASCAT-A) for their deviations from in situ buoy winds during 1992-2011 period. The scatterometer data homogeneity is also investigated at global scales based on the use of collocated scatterometer retrievals and atmospheric re-analyses winds derived from ERA Interim and CFSR models.
Introduction
1 Surface wind vectors are vital for operational and scientific issues. For instance, they 2 are routinely used as primary forcing function component for ocean circulation and wave 3 models at global and/or local scales. They are considered as the most important variable for 4 investigating storm surges and wave forecasts at various space and time scales. They have 5 great impact on coastal upwelling, primary productivity, cross shelf transport, deep water 6 formation, ice transport and variability. They are essential for reliable estimation of 7 momentum (wind stress vector), heat fluxes (latent and sensible), and gas fluxes (e.g. CO 2 and 8 H 2 O). Long term change in global winds is an important forcing and indicator of the climate 9 change (e.g. Bourassa et al, 2010) . . respectively. Thanks to the overlapping periods between missions, scatterometer winds are 25 continuously available over global ocean and span more than two decades (1992 -present) . 26
The quality of each scatterometer retrievals have been investigated by a number of authors 27 The main weakness of using scatterometer data for a long term wind analysis is the lack 3 of consistency between retrievals from different scatterometers. Bentamy et al (2012 Bentamy et al ( , 2013 have highlighted the differences between surface winds retrieved from ASCAT-A and 5
QuikSCAT, and between ERS-2 and QuikSCAT. Differences in wind retrievals originate from 6 differences in radar physics and procedures used to retrieve near surface winds from measured 7 backscatter coefficients. In the two above papers, a chain of corrections has been applied to 8 individual mission winds to improve the consistency between ERS-2, QuikSCAT, and Scatterometers are microwave radars that infer near-surface wind velocity from NRCS, 30 ( 0 σ ) measured at a variety of azimuth (χ) and incidence angles (θ). The ocean surface radar 31 backscatter occurs primarily from centimeter-scale capillary/gravity waves (ripples), whose 32 amplitude is in equilibrium with the local near-surface wind. Measurements of NRCS are 1 used to estimate equivalent neutral wind (ENW) speed (W) and direction (ϕ) at 10m height 2 Equivalent neutral wind is the wind speed that would be associated with the actual wind stress 3 if the atmospheric boundary layer was neutrally stratified. W and ϕ are related to 0 σ through 4 the Geophysical Model Function (GMF). The latter is a nonlinear function involving θ and χ 5 dependency (e.g. Bentamy et al, 1999; Wentz and Smith, 1999; Hersbach, 2010) . Wind 6 retrievals are available at Wind Vector Cell (WVC) along scatterometer swath. Spatial 7 resolution varies between 12.5km² and 50km² for different scatterometer products. 8
In this study we consider the swath data (level 2, L2b) from ERS-1, ERS-2, QSCAT, 9
and ASCAT-A (hereafter ASCAT). Table 1 provides particular characteristics of each 10 scatterometer including its operating period, repeat cycle, radar frequency/wavelength, GMF 11 used for wind retrieval processing, the version of L2b product used in this study, , and 12 WVC spatial resolution. The agencies processing and distributing these data (shown in the 13 last column of Original data listed in Table 1 have been corrected (except ERS-2 ASPS2.0, assumed 17 well calibrated) to decrease inter-mission biases. In particular, the original QSCAT winds 18 distributed by NASA/JPL have been corrected for a SST-related bias. This correction depends 19 on wind speed and the sea surface temperature (SST) and accounts for stronger viscous 20 dissipation (especially noticeable at cold SST<5°C) of Bragg waves in Ku-band in 21 comparison with C-band (Bentamy et al, 2011; Grodsky et al, 2012 , Bentamy et al., 2013 . 22 This new QSCAT wind is referred to as QSCAT/N. It also employs an enhanced rain filtering 23 based on the regular rain flag along with the multidimensional rain probability, which must be 24 <0.05 for rain free data (Bentamy et al, 2011) . 25 ASCAT winds have been also modified from their original version distributed by the 26 EUMETSAT. These modified winds are referred to as ASCAT/N. They are corrected for 27 GMF-related bias, which has been parameterized in Bentamy et al. (2011) as a function of 28 ASCAT wind speed and direction relative to the mid-beam azimuth. 29
Scatterometers onboard ERS-1 and ERS-2 are identical in design. Both are C-band 30 radars that have three antennae looking 45° forward (fore-beam), perpendicular (mid-beam), 31 and 45° backward (aft-beam) relative to the satellite track and illuminating a 500km wide 32 swath to the right of the satellite track. Fore-beam and aft-beam incidence angles vary from 33 24° (inner swath) to 57° (outer swath), whereas mid-beam incidence angles vary from 18° to 1
46°. 2
ERS-1 and ERS-2 winds are inferred at 50km² spatial resolution using IFREMER 3 version 2 GMF (CMODIFR2 of Bentamy et al., 1999) . CMODIFR2 was derived by fitting 4 ERS-1 winds to collocated National Data Buoy Center (NDBC) buoy winds. CMODIFR2 has 5 been applied to ERS-2 without any further adjustments. These ERS-1 and ERS-2 datasets 6 including their corresponding NRCS values are distributed by IFREMER and indicated as 7 WNF products. Land, ice, and rain contaminations are excluded using quality flags included 8 into WNF products. 9
Previous studies have found that ERS-2 WNF wind speed is underestimated versus 10 buoy and QSCAT/N winds (e.g. Bentamy et al, 2002; Bentamy et al., 2013) . This ERS-2 wind 11 bias is related to biases in radar calibration and GMF. In fact, the bias versus QSCAT/N is 12 apparently reduced if Cmod5.n GMF is applied instead of CMODIFR2 (Bentamy et al. (http://www.ecmwf.int/en/research/climate-reanalysis/era-interim ). The main parameters used 10 in this study are zonal and meridional wind components at 10m height, specific air humidity, 11 air temperature at 2m, and sea surface temperature available at synoptic times (00h:00, 12 06h:00, 12h:00, 18h:00 UTC). 
Data collocation

28
In this study we use satellite-buoy and satellite-satellite collocations to assess the 29 accuracy of wind retrievals and to separate and correct for biases in radar calibration. 30
Sattelite-buoy. 31
The accuracy of wind retrievals is evaluated by comparing in-situ buoy measurements 1 with quasi-simultaneous scatterometer data. Here we use satellite-buoy data pairs collocated 2 in space and time. The spatial limit for collocation is set based on the spatial resolution of 3 particular satellite wind product, which is 25km for ERS-2 UWI, ASCAT, and QuikSCAT and 4 increases to 50km for ERS-1 and ERS-2 WNF. The temporal criterion is 30 min for all 5 products. Only scatterometer retrievals indicated as selected, quality controlled solutions are 6 used herein. The quality controls applied on remotely sensed data are from flags available 7 with scatterometer L2b products. 8
Satellite-satellite. 9
Radar calibration issue for the WNF product is evaluated by collocating ERS-2 WNF 10 and UWI products. The WNF and UWI data are available simultaneously over the same 11 scatterometer swath, but at different spatial resolution of 50km×50km and 25km×25km, 12 respectively. The difference in spatial resolutions leads to a difference in the incidence angle 13 range for WVCs between the two products. To achieve the consistency in geometry of 14 observations, only WNF and UWI WVCs differing by less than 1° in the incidence angle and 
Satellite-model 22
ERA Interim and CFSR are available four times a day (00h:00; 06h:00; 12h:00; 18h:00 23 UTC) on their corresponding regular grids. Atmospheric re-analyses winds are interpolated in 24 space and time over scatterometer swaths using a bilinear method. 25 27 28 Comparisons are performed for all valid collocated data available during the periods 29 Furthermore, except for ERS-2 UWI, STD values are lower than 20°. 22
Validation method 26
Buoy comparison results
Reprocessing of ERS-1 and ERS-2 WNF wind retrievals 23 24
Both ERS-1 WNF and especially ERS-2 WNF winds tend to be underestimated in 25 comparison with buoy winds (Tables 1, 2 ). This is associated with the calibration of ERS-1 26 and ERS-2 radars and GMF issues (e.g. Bentamy et al, 2013, see also references therein). 27
Indeed, the reprocessing of ERS-2 wind retrievals based on the use of Cmod5.n GMF has 28 improved correspondence with buoy data (Bentamy et al, 2013) . Therefore, we achieve better 29 consistency between ERS-1 and ERS-2 winds as a result of their reprocessing with Cmod5.n 30
GMF. 31
Prior to applying Cmod5.n for the wind reprocessing we compare measured ( Figures 1 g, 1h, 1i ) that reflects better post flight backscatter calibration in the 25 UWI product. Mean differences (resp. STD) between expected and measured power 26 coefficients A 0 for ERS-2 UWI are -0.36dB (resp. 1.08dB), -0.60dB (1.54dB), and -0.57dB 27 (1.10dB) for fore-, mid-, and aft-beam, respectively. The three associated correlation 28 coefficients exceed 0.98. The discrepancy between expected and measured power coefficients 29 is stronger for ERS-1 WNF and ERS-2 WNF than that for ERS-2 UWI. It is more noticeable 30 for low A 0 corresponding to low winds. But, even for buoy winds >3m/s, the mean difference 31 and STD reach -1dB and 2dB for ERS-1 WNF and ERS-2 WNF, respectively. Correlation 1 between expected and measured power coefficients remain relatively high (~0.95) for the two 2 WNF products, but it is lower than that for the UWI. respectively. These collocated data are split into two subsamples, which are randomly 27 selected. The first subsample (67% of collocated data) is used to determine the regression 28 slope and intercept coefficients, whilst the second subsample is utilized for the validation. 29 of the corrected σ°. 30%. The lowest mean and standard deviation (not shown) are found for inner swath locations 7 (low incidence angles). For instance, the associated RMS difference related to ERS-1 mid-8 beam vary between 1 and 1.5dB for θ < 25°, while RMS values reach 1.90dB for θ > 40°.
9
To further assess the quality of the correction procedure reliability, corrected ERS-2 10 WNF σ 0 are compared to ERS-2 UWI over global ocean. Indeed, the latter exhibit the best 11 comparison results versus predicated backscatter coefficient (Figure 1 g ), h), and i)). The 12 comparison is performed based on the use of collocated ERS-2 WNF and UWI (section 2.4). 13 from buoy data for these new retrievals are listed in brackets in Table 2 and Table 3 . The results in Tables 2 and 3 affected by the roughening of the sea surface by rain drops and also by scattering and 21 absorption by rain drops in the atmosphere. (Sobieski et al, 1999) showed that rain impact on 22 QSCAT retrievals may lead to an overestimation reaching 2m/s in the tropical rainy regions. 23
Another source of the difference between model and scatterometer winds is associated to the 24 atmospheric stability effect. Indeed, NWP wind estimation includes air-sea stratification, 25 whereas scatterometer winds are equivalent neutral wind. Neutral wind speeds are stronger, 26 on average, than stability-dependent wind speeds (e.g. Mears et al, 2001 ). To assess the 27 stability impact, 10m neutral winds are calculated from ERA Interim 10m stability-dependent 28 wind speed, air and sea surface temperatures, and specific air humidity based on the use of 29 COARE3.0 bulk parameterization (Fairall et al, 2003) . Comparisons between ERA Interim 30 10m neutral and 10m stability-dependent wind speeds are performed for ERS-1, ERS-2, 31 QSCAT, and ASCAT periods (not shown). The mean differences between the two ERA 32
Interim wind speeds are of about 0.20m/s for the four scatterometer periods. It is also found 33 that differences vary as a function of oceanic zone and season. For instance, along north 1 hemisphere western boundary currents, the difference reaches 0.40m/s during winter season. 2
The comparisons of mean wind speed patterns (Figures 6 and 7) are not straightforward 3 due to differences between scatterometer sampling schemes. To assess the impact of sampling At the north Atlantic location (Figure 10a and 11a) , both scatterometer and NWP wind 22 speeds exhibit very similar wind patterns. The two types of wind sources lead to the expected 23 robust seasonal variation of surface wind speed. Most of maximum and minimum winds 24 occur during north hemisphere winter (December, January, February (DJF)) and summer 25 (June, July, August (JJA)), respectively. However, one should notice that the inter-annual 26 variability is significant. Despite of sampling scheme impact, the four scatterometer retrievals 27 are consistently higher than CFSR as well as than ERA Interim wind estimates. 28
The scatterometer as well as NWP wind speed variablities at the Atlantic northwest 29 location (Figures 10b and 11b) illustrate the typical annual features of surface wind occurring 30 in the midlatitude of the North Atlantic and the Pacific Oceans. They are mainly characterized 31 by a robust seasonal variability where the maximum and minimum occur in winter and 32 summer seasons, respectively. The month to month variability derived from scatterometer and 33 NWP agree well. However, one should notice that departure found between ERA Interim and 1 ERS-1/N during the period 1992 through 1994 is higher than that depicted from ERS-1/N and 2
CFSR comparison. 3
At the location of Gulf of Lion in the Mediterranean Sea (Figure 10c and 11c) , 4 scatterometer and NWP winds reveal similar month to month variablities characterized by a 5 seasonal features. The highest and lowest winds occur during winter and summer seasons. 6
Due to sampling issues, monthly estimated from collocated NWP, ERS-1/N, and ERS-2/N 7 data are more variable. Monthly scatterometer winds are consistently higher than ERA Interim 8 estimates (Figure 11c ), while no systematic bias is found out from CFSR comparisons (Figure  9 Tables   1   Table 1 
